We investigated the immunoreactivity of the peroxisomal lipid 0-oxidation enzymes acyl-CoA oxidase, trifunctional protein, and thiolase in guinea pig liver and compared it with that of homologous proteins in rat, using immunoblotting of highly purified peroxisomal fractions and monospecific antibodies to rat proteins. In addition, the immunocytochemical localization of 0-oxidation enzymes in guinea pig liver was compared with that of catalase. All antibodies showed crossreactivity between the two species, indicating that these peroxisomal proteins have been well conserved, although all exhibited some differences with respect to molecular size and, in the case of acyl-CoA oxidase, in frequency of the immunoreactive bands. In the latter case,
Introduction
Since its discowry, the peroxisomal lipid 0-oxidation system (Lazarow and de Duve, 1976) has emerged as an important metabolic pathway with eminent physiological significance (for review see Osmundsen et al., 1991) . In contrast to the mitochondrial 0-oxidation that is coupled to the oxidative phosphorylation providing ATP, the peroxisomal system seems to have its main function in the catabolism of unusual fatty acids, e.g., eicosanoids. very iong chain fatty acids (C22 and longer), dicarboxylic acids, and bile acid precursors (Hiltunen, 1991; Osmundsen et al., 1991) . The peroxisomal 0-oxidation is carried out by three enzymes: acyl-CoA oxidase, enoyl-CoA hydratasel3-hydroxyacyl-CoA dehydrogenase which also functions as A3,A2 enoyl-CoA isomerase (trifunctional protein) (Palosaari and Hiltunen, 1990) , and 3-ketoacyl-CoA thiolase (Hashimoto, 1982) . Using monospecific antibodies against those proteins isolated from rat liver, we have shown by immunocytochemistry their exclusive localization in peroxisomes of rat tissues (Beier et al., 1988; Litwin et al., 1984; Yokota and Fahimi, 1982) as well as in peroxisomes from human liver (Litwin et al., 1987) and kidney ( Litwin et al., 1988) . Similar observations have also been reported by others, mostly in rat (Nemali et al.. 1988; Bendayan and Reddy, 1982; Reddy et al., 1982) and recently in human tissues (Espeel et al., 1990) .
The guinea pig (Cavia porcelhs) belongs to the rodent order but differs in many metabolic aspects from rat and mouse (Wriston, 1981) and, in particular, exhibits several unique features in its lipid metabolism. Thus, guinea pigs are deficient in lipoprotein lipase (Bier and Havel, 1970) and in hepatic triglyceride lipase activities (Ymada et al., 1979) , and have very high levels of plasma etherphospholipids such as alkyl-acyl-glycero-3 -phosphocholine, which is a putative precursor of the platelet activating factor (PAFacether) (Diagne et al., 1984) .
Because of the important role of peroxisomes in the biosynthesis of ether-lipids (Hajra and Bishop, 1982) we have been interested in the investigation of peroxisomes in guinea pig liver. We found recently that in this species hepatic peroxisomes exhibit several unique morphological features (Masuda et al., 1991) , and have reported that the peroxisomal marker enzyme catalase is localized by immunoelectron microscopy and subcellular fractionation not only in peroxisomes but also, in agreement with earlier cytochemical reports (Roels, 1977) in the cytoplasm, and in addition in the nucleus of hepatocytes (Ymamoto et al., 1988) . Although an ac-tivity attributed to peroxisomal fatty acid 0-oxidation has been described in guinea pig tissues (Hemsley et al., 1988; Russo and Black, 1982; Small et al., 1980) , the immunoreactivity of the individual enzyme proteins and their exact immunocytochemical localization have not yet been investigated. In this study we have used antibodies to rat liver peroxisomal 0-oxidation enzymes and have analyzed their crossreactivity with corresponding guinea pig proteins by immunoblotting, using highly pusled peroxisome fractions, and have also compared the immunocytochemical localization of peroxisomal 0-oxidation enzymes with that of catalase.
Materials and Methods

Tissue Preparation
Both male and female normal guinea pigs of mixedstrains, weighing about 400 g, were used. Animals were kept on standard laboratory diet and water ad libitum and in accordance with the guidelines for care and use of laboratory animals ofthe Federal Republic of Germany. They were fasted overnight before the experiment. The liver was fixed, under ether anesthesia, by perfusion (Fahimi, 1967) via the portal vein with 0.25% purified glutaraldehyde (Scrva Feinbiochemica; Heidelberg, Germany) in 30 mM NaOH-PIPES buffer, pH 7.2, containing 8% sucrose at room temperature. After 5-min fixation, the liver was briefly flushed with physiological saline and was removed, cut into slices 2-3 mm thick, and rinsed in the same buffer containing 8% sucrose at 0-4'C. Eighty-pm non-frozen sections were cut with a microslicer (Dosaka EM; Kyoto, Japan), dehydrated in graded dimethylformamide (Alunan et al., 1984) , and embedded in Lowicryl K4M for immunocytochemistry (Bendayan, 1984; Roth, 1982) .
Preparation of Antibodies to Peroxisomal Enzymes
Catalase was purified from guinea pig livers by the method of Price et al. (1962) . The three enzymes of peroxisomal lipid-&oxidation, acyl-CoA oxidase, enoyl-CoA hydratasel3-hydroxylacyl-CoA dehydrogenase/ A3,A2 enoyl-CoA isomerase (trifunctional protein), and 3-ketoacyl-CoA thiolase were purified from livers of rats and antibodies were raised in rabbits as described previously (Ekier et al., 1988; Litwin et al., 1987; Yokota and Fahimi, 1982) . The monospecificity of each antibody preparation was assessed by immunodiffusion and immunoblotting.
Immunoblotting of Guinea Pig Liver Peroxisomal Proteins
The crossreactivity of the antibodies raised against rat liver peroxisomal P-oxidation enzymes with the guinea pig proteins was tested by immunoblotting. For this purpose, highly purified peroxisomal fractions were prepared from the livers of guinea pigs using metrizamide density gradient centrifugation of a crude peroxisomal pellet as described previously (Volkl and Fahimi, 1985) . Samples containing about 0.4 pg of peroxisomal protein (in the case ofcatalase only 0.1 pg) were applied to SDS-polyacrylamide gels (9 x 5 x 0.1 cm; 10% resolving gel, 3% stacking gel). In fcw instances, for better separation ofacyl-CaA oxidase subunits we wed a resolving gel containing 15% (T) and 0.7% (C). The electrophoretically separated proteins were transferred onto nitrocellulose (NC) sheets. The sheets were incubated for 1 hr with antibody solutions. For visualization of the immunoreactive bands, the NC sheets were incubated with protein A-gold, followed by silver intensification as outlined before (Beier et al., 1988) .
Preparation of Protein A-Gold
Gold sols were prepared by the reduction of tetrachloroauric acid with citrate and tannic acid (Miihlpfordt, 1982) and the colloidal gold was conjugated to protein A at pH 5.9 (Slot and Geuze, 1985) . The protein A-gold complex of uniform size (10 nm) was isolated by sucrose gradient centrifugation (10-39% w/w) and stored in 25% glycerol at -20°C. It exhibited (150 diluted) an optical density of 0.445 at 525 nm and was diluted 25 or 50 times for incubation.
Immunocytochemical Labeling
Light Microscopy. One-pm sections of livers embedded in Lowicryl K4M
were incubated with the antiserum against catalase and the enzymes of the peroxisomal fatty acid B-oxidation system, followed by the protein A-gold technique and a silver intensification step ('hatjes et al., 1987) . Sections were examined with a Leitz Orthoplan photomicroscope (Leitz; Wetzlar, Germany) equipped with uv light and epi-illumination, and were photographed with Kodak T-Max 400 film (Kodak; Stuttgart, Germany).
Electron Microscopy. Ultra-thin sections were cut with an LKB Ultrotome 111 microtome (LKB Broma, Sweden) and mounted on nickel grids. The immunocytochemical labeling was performed by the protein A-gold technique as described by Roth (1982) and Bendayan (1984) . The final concentration of the rat antisera used was 3 pglml and in the case of guinea pig anti-catalase 0.3 pglml. After incubation with protein A-gold, sections were counterstained with uranyl acetate and lead citrate and were examined in a Philips EM 301 G electron microscope.
Immunocytochemical Controls
To check the nonspecific binding of the antibody or of the protein A-gold complex to tissue components, the ultra-thin sections were incubated with IgG fractions from non-immunized rabbits followed by the protein A-gold complex. Some sections were also incubated directly with the protein A-gold complex without incubation with the specific antibody.
Results
Immunoblotting
The monospecific antibodies to rat liver enzymes crossreacted with the corresponding proteins in highly purified peroxisomal fractions from guinea pig liver, although some differences between the two species were consistently observed in the molecular weights of each protein ( Figures 1A-1D ). The acyl-CoA oxidase in rat liver peroxisomes displayed, in agreement with previous observations (Beier et al., 1988; Litwin et al., 1987; Osumi et d.,1980) , three distinct bands with approximate molecular weights of 72, 52, and 20.5 m, which correspond to the subunits A, B, and C, respectively ( Figure  1A ). The matching crossreactive bands in guinea pig peroxisomes were clearly identified b u t exhibited some differences from those in rat liver peroxisomes. Thus, the A-subunit in guinea pig consisted of two distinct bands, one about the same size as in the rat (71.9 KD) and the other 1-2 KD larger. Whereas the B-subunit had about the same size as in the rat, the C-subunit was approximately 2-3 KD smaller. Those differences between guinea pig and rat acylCoA oxidase were better visualized in resolving polyacrylamide gels Figure 1B) . with the enzyme in guinea pig hepatic peroxisomes being slightly larger (1-1.5 KD). Similarly, a single band at about 41 KD was obtained for the rat 3-ketoacyl-CoA thiolase. with the guinea pig enzyme being slightly (1-1.5 KD) larger ( Figure IC ). In agreement with our previous report (Yamamoto et al., 1988) , the catalase from guinea pig hepatic peroxisomes appeared 1-2 KD smaller than the rat liver catalase ( Figure 1D ). In both preparations a single band at about 60 KD was obtained with the anticatalase antibody.
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Lkbt Mkroscopy
Emmination by cpi-illumination with uv light of Lowicryl K4M &om incubated with acyl-CoA oxidase antibody followrd by the protein A-gold-dver treatment m l e d distinct granules corresponding to peroxisomes forming aggregates in liver parenchymal cells ( Figure 2A ). The same gmnulv staining pattern was obtained when smions were incubated with the antibodies to the trifunctional protein and to ketoacyl-CoA thiolase (not shown). In contrast, incubation with the a n t i u t a l w antibody revealed strong diffusc staining of the entire domain of liver parenchymal cells, including their nuclei. The bile canaliculi, the sinusoids, and the sinusoidal lining cells were negative ( Figure 2B ). In addition to this cytoplasmic staining. there were focal granular aggregates, corresponding to peroxisoma. that exhibited strong uv reflectance in the cytoplasm of hepatocytes ( Figure 2B ). The bile duct epithelial cells, the vascular endothelium, and the connective tissue cells in portal tracts did not stain with the antibody to catalase ( Figure 2B ). Control preparations incubated with non-immune serum and/or with protein A-gold were negative (not shown).
Immunoelectron Microscopy
By electron microscopy, gold particles representing antigenic sites for acyl-CoA oxidase were localized exclusively in the matrix ofperoxisomes ( Figures 3A and 3B) . All other organelles, including mitochondria and endoplasmic reticulum as well as the cytoplasm and the nuclear matrix, were unlabeled ( Figure 3B ). Similarly, incubation with antibodies to trifunctional protein and 3-ketoacyl-CoA thiolase revealed distinct labeling of peroxisomes with gold particles ( Figures 3C and 3D) . The cytoplasm and mitochondria occasionally showed a few gold particles, comparable to the labeling seen in control sections incubated with non-immune serum.
In sections incubated with the antibody to guinea pig catalase, gold particles were found in peroxisomes as well as in the cytoplasm and nucleus of liver parenchymal cells (Figures 4A-4C ). All peroxisomes were heavily labeled and stood out against the more weakly labeled cytoplasm (Figures 4A and 4C ). Mitochondria and the secretory apparatus, including the cisternae of the endoplasmic reticulum ( Figure 4C ), were negative. In the nucleus, the gold particles were confined to the interchromatin region (euchromatin), whereas the condensed chromatin (heterochromatin) and the nucleolusassociated chromatin were free of label ( Figure 4B ). The nucleolus itself was either weakly labeled or showed no gold particles. Control sections incubated with nonspecific IgG and/or protein A-gold alone did not show any evidence of gold labeling of peroxisomes ( Figure 4D) . 
Discussion
The present study has revealed that: (a) the antibodies to rat peroxisomal P-oxidation enzymes crossreact with the corresponding proteins in guinea pig liver; (b) the immunoreactive proteins in guinea pig, however, differ from those in rat with respect to molecular size and, in the case of acyl-CoA oxidase, in frequency of the positive bands; and (c) the f3-oxidation proteins in guinea pig are exclusively localized in the matrix of peroxisomes, in contrast to catalase, which is also found in the cytoplasm and the nucleus of hepatocytes.
Crossreactivity of the Rat Antibodies with Guinea Pig Peroxisomal Proteins
Immunoblotting showed unequivocally that all three antibodies to rat peroxisomal P-oxidation enzymes crossreacted with the proteins in highly purified peroxisomal fractions from guinea pig liver ( Figures 1A-1C ). In addition, the antibody raised against the guinea pig catalase crossreacted with the rat antigen ( Figure 1D ). These observations indicate that peroxisomal proteins in guinea pig have been phylogenetically well conserved, in contrast to many other proteins in this species which deviate significantly in their molecular structure from those in other mammals (Graur et al., 1991; Wriston. 1984) . A good example is insulin, which is well conserved in most mammals (Beintema and Campagne, 1987) but in guinea pig differs strongly in its gene structure (Watt, 1985) and amino acid sequence (Smith, 1966) . exhibiting very little or no crossreactivity with antibodies to most other vertebrate insulins (Moloney and Coval, 1955) . Indeed, because of the poor antigenicity and crossreactivity of guinea pig insulin, Maimon et al. (1991) resorted to . . .
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the use of a synthetic decapeptide of the C-terminal portion of the B-chain of this protein, as an immunogen in raising a potent antibody for its staining in pancreas. The trifunctional protein and thiolase of guinea pig exhibited in immunoblots slightly larger (1-2 KD) molecular size than the corresponding proteins in rat ( Figures   1B and IC) . The same proteins in human liver are also slightly larger than the two rat proteins (Suzuki et al., 1986; Tager et al., 1985) , suggesting that the guinea pig in this respect is closer to humans than to other myomorph rodents (rats and mice). This finding is completely in line with recent data on computation of the phylogenetic distance based on DNA sequences of several guinea pig proteins, indicating that guinea pigs are closer to humans than to the common laboratory rodents rats and mice (Graur et al., 1991) . The response to peroxisome-proliferating hypolipidemic drugs also differs substantially between guinea pigs and rats. Whereas the latter develop a massive peroxisomal proliferation (Reddy and Lalwani, 1983) , the former are almost refractory, thus resembling again most primate species, including humans (Lake et al., 1989; G o t et al., 1987) . The mechanism of proliferation of peroxisomes, which is accompanied by increased transcription of the genes of P-oxidation enzymes (Reddy et al., 1986) has been the subject of intensive research, and recent evidence indicates that a subtype of cytochrome P-450, referred to as P-450 IV A1 (also P452), plays a major role (Lock et al., 1989) . The activity of this enzyme, which functions as an a-hydroxylase of long-chain hydrophobic xenobiotic compounds, is either absent or very low in non-responsive species such as primates (Makowska et al., 1991) and guinea pigs (Thomas et al., 1989) .
Acyl-CoA Oxidase in Guinea Pig Exhibits Two Distinct Bands in the 70 KD Range
Acyl-CoA oxidase was identified as the rate-limiting enzyme of peroxisomal P-oxidation, which is induced by hypolipidemic drugs (Lazarow and de Duve, 1976) . Recent evidence, however, indicates that there are three separate oxidases with different physicochemical properties and substrate specificities in rat liver peroxisomes (Van Veldhoven, 1991; Schepers et al., 1990) . Thus, in addition to the classical long chain fatty acyl-CoA oxidase which is induced by xenobiotics (Lazarow and de Duve, 1976 ), a second non-inducible enzyme which preferentially oxidizes CoA esters of branched chain fatty acids, such as pristanic acid (Van Veldhoven, 1991) , and a third, also non-inducible enzyme which preferentially oxidizes the CoA esters of bile acid intermediates, di-and tri-hydroxycoprostanoic acids (THC-CoA oxidase) have been isolated and characterized (Schepers et al., 1990) . The activities of the latter two enzymes in guinea pig liver have not yet been reported, but the rate of P-oxidation of palmitate in guinea pig hepatocytes is supposedly lower than in rat (Agius et al., 1991) . By SDS-PAGE, the inducible palmitoyl-CoA oxidase exhibits three bands, a major subunit A with Mr of 71,900 which is proteolytically cleaved into 52 KD (B) and 22 KD (C) subunits (Hashimoto, 1982) . Schepers et al. (1990) found that in rat liver the latter enzyme is mainly present in the form of its 52 (B) and 22 (C) KD subunits, whereas the pristanoyl-CoA oxidase is found as a single 71 KD component and the THC-CoA oxidase as a 69 KD polypeptide. In this study we used an antibody against the inducible acyl-CoA oxidase from rat liver and found, as expected, three bands corresponding to the subunits A, B, and C and, in addition, another band in the 70 KD range ( Figure 1A ). This novel immunoreactive band in guinea pig peroxisomes could be due to either pristanoyl-CoA oxidase or THC-CoA oxidase. The exact reason why the antibody recognizes this band only in guinea pig is not known, but this could be due either to higher rate of expression of that protein or to mutational changes of the antibody binding epitope of the enzyme in that species. In rat liver, the antibody to the inducible acyl-CoA oxidase (the one used here) apparently does not crossreact with the pristanoyl-CoA oxidase (Van Veldhoven et al., 1991) and is unlikely to bind to the THC-CoA oxidase (Schepers et al., 1990) .
The subunits B and C of acyl-CoA oxidase in guinea pig also exhibited slight differences in their MI from those in rat ( Figure  1A ). This suggests that the site of the post-translational proteolytic cleavage, which has been exactly identified at the level of the amino acid sequence of the enzyme (Miyazawa et al., 1987) , must have also undergone a mutation in guinea pig. Further studies by isolating and cloning the cDNAs of acyl-CoA oxidases from guinea pig liver should elucidate some of the issues raised here.
Catalase in the Cytoplasm and the Nucleus of Guinea Pig Hepatocytes
Whereas all three lipid 0-oxidation enzymes were localized exclusively in the matrix of peroxisomes, catalase was also found in the cytoplasm and the nucleus of hepatocytes (Figures 2B, 4A, and 4B) . Since the same immunocytochemical procedure was used for all four enzymes, it is unlikely that the extraperoxisomal localization of catalase is due to diffusion of the protein out of peroxisomes. It should be noted, however, that an artifactual diffusion of catalase can occur when liver sections are rinsed for too long after the aldehyde fixation (Fahimi, 1973) . However, a genuine cytoplasmic catalase in guinea pig liver has been shown by cytochemical studies (Roels et al., 1977) and by subcellular fractionation in our previous report (Yamamoto et al., 1988) . Moreover, Hemsley et al. (1988) , using a digitonin extraction assay, reported that in isolated guinea pig hepatocytes 52% of catalase activity was recovered with the cytosolic fraction, in contrast to only 2% of the acyl-CoA oxidase, thus corroborating with a different technique the observations of this study. The localization of catalase in the nucleus of liver parenchymal cells is a novel finding which was first observed in isolated nuclear fractions (Yamamoto et al., 1988) and has now been confirmed by light and electron microscopy. The selective localization of catalase in the interchromatin region of the nucleus (euchromatin), sparing the condensed and the nucleolus-associated chromatin (heterochromatin), rules out the possibility of simple diffusion from the cytoplasm, although the compact state of the condensed chromatin could influence the localization pattern by making it less accessible to the protein. As far as the function of catalase in the nucleus is concerned, it is of interest that another enzyme involved in detoxification of oxygen radicals, copper-zinc superoxide dismutase, has also been localized in exactly the same intranuclear subcompartment in rat liver (Slot et al., 1986) . This suggests that catalase could protect the nuclear DNA against oxidative damage by H202. Indeed, such an oxidative damage of DNA has been suggested to be involved in the pathogenesis of hepatic tumors observed in rodents treated with high doses of peroxisome-proliferating drugs (Reddy and Lalwani, 1983) .
Since the DNA-strand breaks induced by H202 differ in several respects from those caused by superoxide radical (Birnboim, 1986) , the two enzymes may perform a complementary function. Moreover, the inhibition of catalase by the superoxide radical (Kono and Fridovich, 1982) and the inactivation of superoxide dismutase by H202 (Hodgson and Fridovich, 1975) indicate that the two enzymes constitute a mutually protective system in the nuclear matrix.
The nuclear localization of catalase in guinea pig hepatocytes contrasts with its exclusive peroxisomal pattern in rat liver (Beier et al., 1988) . This is consistent with the slight difference in molecular masses of the two enzymes ( Figure ID) suggesting that guinea pig catalase must have not only a peroxisomal translocation signal but also a signal sequence for its transport into the nucleus. The cloning and sequencing of guinea pig catalase are presently being investigated in our laboratory.
CO-localization of Catalase with the P-oxidation Enzymes Is Essential for the Physiological Function of Peroxisomes
The acetyl-coA units produced by the P-oxidation of long chain fatty acids in peroxisomes can serve as building blocks for the biosynthesis of cholesterol bile acids and other lipid molecules (Thompson and Krisans, 1990; Horie et al., 1989; Hayashi and Miwa, 1989) . This condensation reaction involving the formation of acetoacetylCoA is dependent on thiolase (Thompson and Krisans, 1990) , which was shown in this study to be co-localized with catalase in the matrix of peroxisomes. Recent studies have revealed that the inhibition of catalase with amino-triatole, which presumably leads to the accumulation of H202 in peroxisomes, inhibits the activity of thiolase in vivo and interferes seriously with the biosynthesis of cholesterol in peroxisomes (Hashimoto and Hayashi, 1991) . Moreover, H202 in the presence of acetoacetyl-CoA rapidly oxidizes NADH and thus inhibits the P-oxidation system (Hashimoto and Hayashi, 1990 ). Those studies demonstrate the delicate interplay between the various enzymes in the peroxisomal matrix and underline the functional importance of the cytochemical observations reported in the present study.
